Speech recognition (SR), available since the 1980s, has only recently become sufficiently reliable to allow utilization in medical environment. This study measured the effect of SR for the radiological dictation process and estimated differences in report turnaround times (RTTs). During the transition from cassette-based reporting to SR, the workflow of 14 radiologists was periodically followed up for 2 years in a university hospital. The sample size was more than 20,000 examinations, and the radiologists were the same throughout the study. A RTT was defined as the time from imaging at the modality to the time when the report was available for the clinician. SR cut down RTTs by 81% and the standard deviation by 83%. The proportion of reports available within 1 h escalated from 26% to 58%. The proportion of reports created by SR increased during a follow-up time of this study from 0% up to 88%. SR decreases turnaround times and may thus speed up the whole patient care process by facilitating online reporting. SR was easily adopted and well accepted by radiologists. Our findings encourage the utilization of SR, which improves the productivity and accelerates the workflow with excellent end-user satisfaction.
BACKGROUND
I n a speech recognition (SR) process, dictated speech is converted to the digital signal and then to a sequence of words in written text. SR systems have been available for medicine since the 1980s, but not until the late 1990s have applications proven sufficiently reliable and agile for report dictation [1] [2] [3] . It has been demonstrated that SR systems improve patient care with reduced report turnaround times (RTTs), reduced staffing needs, and also the efficient completion and distribution of reports 4 .
Initially, SR systems were used for pan-European languages, such as English, German, or French, but today, SR is applicable for other languages as well. In addition to a language model, a specific vocabulary, so-called context, and language model is required for each medical specialty because a context increases recognition level significantly 5 . The Finnish language is challenging for SR because its vocabulary is exceptionally wide allowing many different words to evolve from one word body. HUS Helsinki Medical Imaging Center has actively participated in the development of a Finnish SR context for radiology. This context started to pilot in the department of radiology in the Töölö trauma hospital in the spring of 2005, and nowadays, every radiologist has their opportunity to utilize SR. Töölö hospital is the largest trauma hospital in Scandinavia providing trauma care, orthopedics, plastic surgery, and neurosurgery for 1.5 million people in southern Finland. The hospital has been utilizing the picture archiving and com- munication system (PACS) since 1997, a nonintegrated radiology information system (RIS) since 1998, and a PACS-and SR-integrated RIS since April 2005. The hospital produces nearly 70,000 studies annually, of which 44,000 are X-rays, 10,500 are computed tomography (CT), and 5,100 are magnetic resonance (MR) studies, in addition to fluoroscopic interventions and sonography.
The dynamics of the radiological dictation workflow and its productivity was examined. The Finnish radiological SR (by Philips SpeechMagic, Philips Speech Recognition Systems GmbH) has been integrated to our RIS system. Philips SpeechMagic is one of the most used clinical applications for SR in Europe 2, 3 . The SR, RIS, and PACS use a single sign on the interface. The workflow is mastered by the PACS and thus requires no manual typing of accession numbers or names.
In this study, we measured the productivity of radiologists utilizing the SR system. The purpose was also to evaluate the effect of SR for the whole radiological dictation process and to estimate differences in RTT.
MATERIALS AND METHODS
The SR procedure can be divided into different parts, where firstly the dictated speech is digitalized and then conveyed into signal processing. In the signal processing, both acoustic and language modeling are important parts in statistical SR. Normally, SR systems are generally based on the Hidden Markov model, which is a statistical model producing a sequence of symbols or quantities 6 . To ensure error-free reports, immediate proofreading of the text, by the radiologist, is essential. In our system, proofreading is possible at any moment: word by word, after each sentence or paragraph, or after completion of the complete report. In our experience, most radiologists prefer to proofread complete paragraphs or reports, once their reliance to capabilities of the SR has evolved. Third-party proofreading and editing was not used.
The accuracy of SR dictation is important. However, many studies are proving that nowadays SR technology is mature and the accuracy rate is high 4 . It is also possible to integrate SR into structured reporting or templates, which will also change the workflow of the radiological process 5, [7] [8] [9] [10] [11] . Structured reporting or templates were not available in our software yet and are thus beyond the scope of this study.
In the radiological workflow process, the radiologist can dictate the report to the minicassette or to the SR system. The process is described in Figure 1 . In most hospitals, some studies require urgent reporting, while for other studies, a turnaround time of several days may be sufficient. At our hospital, this is accomplished by using specific worklists to prioritize departments, i.e., a higher priority for the emergency room and intensive care unit (ICU) and a lower priority for plastic surgery. We are currently developing a RIS-based solution to prioritize, but to date, its efficiency has not been tested in a production environment. In this study, a RTT was defined as the time from completion of imaging and PACS archiving to the time when the report was stored in the RIS and available for the clinician online. The comparison of different RTT studies is difficult because observed processes are not necessarily equal among each other [12] [13] [14] . However, the latest studies are describing that the decrease in RTTs is prominent 3, 14, 15 .
RESULTS
SR was installed in the HUS Helsinki Medical Imaging Center during the period Q1/2005 through Q2/2007. We followed up the proportion of SR reports from all dictations. Prior to SR, this proportion was 0%, but it increased rapidly. Cassettebased dictation was still kept available for those who preferred it. The proportion of reports created by SR as a function of time is presented in Figure 2 . The first sample (Q1/2005) started using SR in April 2005. The second sample was done Q1/2006 and the third on Q2/2007. Because our hospital is a university hospital clinic training radiologists and because it has a numerous collaboration with other clinics as well, due to technical limitations (integration to other hospitals' RIS, second readouts for residents not utilizing SR, confidentiality of occupational health care), some reports beyond the capabilities of the RIS-integrated SR were created manually. Thus, 100% SR usage was unattainable. Modality distribution for each radiologist is presented in Figure 3 .
We also evaluated RTTs based on traditional dictation to the cassette and SR system. The results of the RTTs are summarized in Table 1 Figure 4 . The figure is demonstrating clearly that the reports made by SR are more quickly available for clinicians than the cassettebased report.
DISCUSSION
We found that the utilization of SR decreases turnaround times by more than 80% and therefore facilitates online reporting of radiological examinations to clinicians immediately after completion of the study. When the first cassette-based results were compared to the results of the first SR sample, we noticed that RTT decreased 78% (SD 64%), whereas the decrease from SR samples Q2/2007 to Q4/2006 was 13% (SD 54%).
In the comparison of Q1/2005, Q1/2006, and Q2/2007, the study profile is equal, and the radiologists are the same. The number of radiologists increased in the Q2/2007 sample, and correspondingly, the total number of reports increased prominently. Due to the increased efficiency, the radiologists also reported studies from the university hospital's other clinics as well ( Table 2 ). The average RTT decreased in the course of time. Trumm et al. 3 and Rana et al.
14 also reported decreased turnaround times, but we also found a striking 83% reduction in the standard deviation of RTTs. These figures presenting a skewed distribution of RTTs may result, in practice, not only in faster reporting each time but also improved throughput and quality of patient care. In a typical hospital environment, some reports are needed urgently, while some may be sought only several days after the completion of a study. At our hospital, the trauma care, ICU, neurosurgery, and orthopedics frequently require urgent reporting. Differences in mean turnaround times alone do not completely reveal the true potential of SR in this context. During this study, the proportion of reports available within 1 h has rapidly risen from 26% (cassette Q1/2005) to 58% (SR Q1/2006). For nonurgent studies, such as most of our MR imaging procedures, the mean RTT still remained This sample included 13,021 studies from Q2/2007 (3 months). A considerable proportion of X-ray and CT studies require immediate reporting, while most MR studies are nonurgent. In contrast, most ultrasound examinations are typically reported immediately after completion of the study. These figures also incorporate 3,949 studies from other hospitals, which our radiologists were able to report as well.
high (Table 2 ). In contrast, for typical high-priority worklists requiring online reporting (i.e., ICU or orthopedics), we measured an exceptional 53% reduction in RTTs and an increase from 34% to 65% in first-hour reporting. Thus, for our hospital, the increased number of reports available within 1 h from the completion of a study has proven a great improvement.
Training of the new users was done by one staff radiologist solely. Learning the use of SR was fairly easy: For each new user, only 10 to 15 min of training was sufficient to adopt SR. The training was performed in the production environment and therefore further advice, when necessary, was readily available from colleagues. We discovered that, albeit not specifically measured, the utilization of SR improved the information value, structure, and clarity of the radiological reports. To achieve a structurally coherent and easy-to-follow report, using cassette-based dictation, radiologists have to memorize the entire report and plan the structure and content prior to dictation. In contrast, online editing, which is possible in SR, facilitates focused reports, which we found, subjectively, structurally superior to those created by cassette-based process. Immediate proofreading was considered both easy and fast, with a negligible addition to the radiologist's workload. Although not easily measurable, the staff radiologists uniformly found SR superior in this context and also reported, since the introduction of SR, cassette-based dictation cumbersome.
CONCLUSION
In conclusion, SR speeds up not only RTT but also the whole patient care process by significantly facilitating online reporting. SR was easily adopted and well accepted by radiologists. We also found improved quality of the reports, which became better structured and focused.
Our findings encourage the utilization of SR, which improves the productivity and accelerates the workflow with excellent end-user satisfaction.
